Chronic use of heparin as an anti-coagulant for the treatment of thrombosis or embolism invokes many adverse systemic events including thrombocytopenia, vascular reactions and osteoporosis. Here, we addressed whether adverse effects might also be directed to mesenchymal stem cells that reside in the bone marrow compartment. Harvested human bone marrow-derived mesenchymal stem cells (hMSCs) were exposed to varying doses of heparin and their responses profiled. At low doses (b200 ng/ml), serial passaging with heparin exerted a variable effect on hMSC proliferation and multipotentiality across multiple donors, while at higher doses (≥100 μg/ml), heparin supplementation inhibited cell growth and increased both senescence and cell size. Gene expression profiling using cDNA arrays and RNA-seq analysis revealed pleiotropic effects of low-dose heparin on signaling pathways essential to hMSC growth and differentiation (including the TGFβ/BMP superfamily, FGFs, and Wnts). Cells serially passaged in low-dose heparin possess a donor-dependent gene signature that reflects their altered phenotype. Our data indicate that heparin supplementation during the culturing of hMSCs can alter their biological properties, even at low doses. This warrants caution in the application of heparin as a culture supplement for the ex vivo expansion of hMSCs. It also highlights the need for careful evaluation of the bone marrow compartment in patients receiving chronic heparin treatment.
Introduction
Heparin, a highly sulfated heparan glycosaminoglycan variant produced and stored primarily by mast cells (Ronnberg and Pejler, 2012) , possesses the highest net negative charge density of all known biological molecules (Alter et al., 1987) . Its negative charge binds to positively charged, heparin-binding domains (HBDs) present in a large number of extracellular proteins. This group of proteins includes fibroblast growth factors (FGFs), vascular endothelial growth factors (VEGFs), bone morphogenetic proteins (BMPs) and large extracellular structural molecules such as fibronectin and laminin, as well as its main clinical target antithrombin III (Naimy et al., 2008) . Both unfractionated (UFH) and low molecular weight heparin (LMWH) have been widely used as anticoagulants to enable surgery and dialysis, as well as to treat pathological conditions such as thrombosis and embolism.
The ability of heparin to interact with many proteins renders it a potential therapeutic agent beyond its use as an anti-thrombotic (Lane and Adams, 1993 ). Heparin's high affinity for protein has resulted in its application in cell culture to enhance the desirable activity of critical extracellular biomolecules used as supplements for the expansion of human stem cells. For example, heparin has been reported to promote both Wnt and FGF signaling in human embryonic stem cells (hESCs), thereby increasing their proliferation (Furue et al., 2008; Sasaki et al., 2008) . Similarly, heparin has been shown to enhance Wnt-induced differentiation signals in osteogenic cells (Ling et al., 2010a) , further highlighting its diverse effects. Tissue culture surfaces coated with glycosaminoglycans such as heparin support greater proliferation of MSCs (Uygun et al., 2009; Ratanavaraporn and Tabata, 2012) . Heparin-functionalized hydrogels and heparinized nanoparticles have also been developed to support the viability and differentiation of hMSCs (Na et al., 2007; Benoit et al., 2007) .
The widespread use of heparin in both clinical and research practice makes a detailed study of both its mechanism of action and long-term effects in cell culture highly advisable. Heparin non-selectively facilitates the binding of a wide spectrum of proteins to high-affinity receptors on cells, particularly within the endothelium (Ferrara, 1999; Folkman and Shing, 1992; Gengrinovitch et al., 1995) . Factors such as VEGF 165 and FGF-2 normally associate with heparan sugars on cell surfaces to form ligand:sugar:receptor complexes that induce proliferative signals (Kim et al., 2011; Turnbull et al., 2001) . Furthermore, VEGF 165 affinity-selected sugar has been shown to exert pro-angiogenic effects on endothelial cells (Wang et al., 2014) . In contrast, short heparin fragments (~5.0-kDa) purified from porcine intestinal mucosa can suppress VEGF 165 -mediated angiogenesis when delivered subcutaneously (Norrby and Ostergaard, 1997) . Also, heparin derivatives as well as heparan sulfate (HS) isolated from bone marrow stromal cells and BMP-2 affinity-selected HS have been shown to increase the osteogenic potential of BMP-2 (Ratanavaraporn and Tabata, 2012; Bramono et al., 2012; Murali et al., 2013) . Genes encoding the synthesis of ECM proteins can also be regulated by heparin (Hitraya et al., 1995) . Heparin has been shown to activate metalloproteinase-2, leading to remodeling of the ECM (Tyagi et al., 1997) . It can act as a heparanase inhibitor and is known to affect the in vitro tubular morphogenesis of microvessels (Sweeney et al., 1998) . In certain fibroblasts, inflammatory cells, and tumor cells (most prominently), heparanase activity is enhanced, where the expression of heparanase mRNA is known to correlate with increased metastatic potential (Hulett et al., 1999) . Furthermore, type 1 diabetes has been shown to be a heparanase-dependent disease (Dudakovic et al., 2014) . These broad biological effects of heparin and heparin-degrading enzymes are consistent with the multiplicity of proteins that interact with its hyper-sulfated sugar chains and maintain tissue homeostasis.
In most tissues, heparin-binding proteins are usually controlled by physiologically relevant and tissue-specific HS on the cell surface. There are notable differences in the structure between heparin and HS; most importantly heparin contains 3-O-sulfation and lacks discrete protein-binding domains (Langeslay et al., 2011) . Excess heparin with its greater negative-charge density can out-compete physiologically relevant HS-protein interactions and thus disrupt a number of biological processes associated with tissue development and repair that require proper maintenance of stem cell pools. Also, safety concerns ascribed to heparin's binding promiscuity are evident from patients presenting with heparin-induced thrombocytopenia (Bambrah et al., 2012) , osteoporosis (Mazziotti et al., 2010; Sackler and Liu, 1973) and vascular reactions (Bounameaux et al., 1987; Gollub and Ulin, 1962) . Indeed, heparin has been shown to enhance osteoclastic bone resorption through an interaction with osteoprotegerin (OPG) (Irie et al., 2007) , whilst other HS variants have been shown to exert anti-osteoclastic effects (Ling et al., 2010b) . Mastocytosis, a disorder characterized by increased numbers of mast cells that produce excessive heparin, is associated with osteoporosis, which again indicates the generally adverse effect of heparin on skeletal tissue (Benucci et al., 2009) . Even though chronic heparin use is associated with unwanted clinical events, it is widely used as a stem cell culture supplement without a clear understanding of its effects on stem cell phenotypes.
Adult stem cells are a key driver of natural tissue replenishment, and are among the small number of cells that can both undergo proliferation and differentiate into the various lineages needed to repair or regenerate damaged tissue (Prockop and Oh, 2012; Samsonraj et al., 2015) . Heparin supplementation in medium has been reported to promote hMSC proliferation (Mimura et al., 2011) . Heparin-functionalized hydrogels have been formulated in such a way that they are able to retain combinations of FGFs and ECM proteins and so support the growth, adhesion or differentiation of hMSCs (Na et al., 2007; Benoit et al., 2007; Benoit and Anseth, 2005; Bhakta et al., 2012) . However, we lack precise knowledge of the biological effects of heparin on hMSCs.
This study set out to determine whether heparin, over a range of doses, could change the intrinsic properties of hMSCs in vitro. It proved capable of altering the molecular profiles of hMSCs, even at low doses, and affected their potential for growth and differentiation in a donordependent manner. Our findings suggest that caution should be exercised whenever stem cells are serially passaged in heparinsupplemented media.
Materials and methods
Throughout the study, control data generated in hMSCs grown in maintenance conditions (Helledie et al., 2012 ) was compared to heparin-treated hMSCs in Figs. 1A, B, 2 and 3. Experimentation with heparin was performed in parallel with studies using HS (Helledie et al., 2012) . Data obtained with heparin and HS were analyzed separately to address distinct findings on different biological properties of hMSCs that emerged from the two datasets.
Cell culture
Human MSCs were either directly purchased from Lonza or isolated in our laboratory from human bone marrow mononuclear cells from young healthy male donors aged 20-30 years provided by Lonza (Donors 1 to 3) as previously described (Samsonraj et al., 2015; Rider et al., 2008) . Cells were expanded and maintained in complete Dulbecco's Modified Eagle's Medium using our standard protocols (Helledie et al., 2012) and we reported the number of passages under various treatment conditions (experimental passage number). Unless otherwise indicated, hMSCs were treated with 160 ng/ml of heparin (Sigma-Aldrich), a glycosaminoglycan dosage that is within the range used in other related stem cell studies (Mimura et al., 2011; Helledie et al., 2012) .
Cell proliferation and cumulative growth analysis
Human MSCs were plated in triplicate at 5000 cells/cm 2 in the presence or absence of heparin as indicated and proliferation determined by monitoring viable cell number using the GUAVA PCA-96 benchtop flow cytometer as per manufacturer's instructions (Millipore). Briefly, cells were dislodged by trypsinization and stained with GUAVA Flex dye. Cell suspensions were counted using the GUAVA Viacount program. To monitor the cumulative growth, cells were plated at the same density (5000 cells/cm 2 ) with or without heparin as indicated and sub-cultured upon reaching 70-80% confluency. The cells were re-plated under the same condition at each passage and the viable cells were counted using GUAVA system as described above.
Image cytometry
Human MSCs were seeded into chamber slides at 3000 cells/cm 2 and allowed to attach overnight. Cells were then treated with or without 500 μg/ml heparin for 3 days. Cells were fixed with 4% paraformaldehyde and stained with Rhodamine-conjugated phalloidin and DAPI (Life Technologies). Samples were imaged with an Olympus IX83 inverted microscope with a Cool Pix HQ2 camera and MetaMorph software, using slide scanning mode. Image sets were then processed using CellProfiler 2.0 software (http://cellprofiler.org) (Kamentsky et al., 2011; Carpenter et al., 2006) . Briefly, the analysis pipeline corrected illumination uniformity, segmented nuclei and cell areas using DAPI and actin staining, respectively, and measured the area and shape parameters of the identified objects. 500-2000 cells were analyzed per sample.
Immunoblotting
Cells were treated as indicated and the levels of lamin A/C and lamin B1, protein detected as described previously (Dreesen et al., 2013) .
Antibodies against lamin A/C and lamin B1 were purchased from Millipore and YenZym, respectively, and the antibody against housekeeping protein GAPDH was from Sigma.
Flow cytometry
Cells were dislodged with TrypLE™ (Life Technologies) and washed with PBS. The expression of stem cell surface antigens of interest was assayed as described previously (Samsonraj et al., 2015; Helledie et al., 2012; Rider et al., 2008) . Stained cells were analyzed with the BD FACSArray™ Bioanalyzer and FlowJo software (Tree Star Inc). All left panel, hMSCs were treated for 3 days with or without 500 μg/ml heparin and imaged using phase contrast or fluorescence microscopy after cells were stained with DAPI and phalloidin to visualize nuclei in blue and actin cytoskeleton in green, respectively; right panel, image cytometric quantification of cell and nuclear projected area. *p b 0.05 versus control. (E) Human MSCs were grown in the presence or absence of 500 μg/ml heparin for one (P1) or three (P3) passages. The levels of target proteins were detected by Western blot analysis.
antibodies were purchased from BD Biosciences. For Donor 1-3 samples, STRO-1 was kindly supplied by Prof Stan Gronthos, School of Medical Sciences, Faculty of Health Sciences, University of Adelaide, Australia, and the isotype control IgM (μ) was purchased from Caltag Laboratories.
Stem cell microarray
RNA was extracted from serially-passaged hMSCs (± heparin supplementation), converted to cDNA and probed using the GEArray S Series Human Stem Cell Gene Array (SABiosciences) as per Human MSCs were serially passaged with or without 160 ng/ml heparin. Gene expression signatures of hMSCs at P4, P6 and P8 were obtained using a stem cell-related chemiluminescent cDNA array. Expression profiles were analyzed by (A) singular value decomposition, or (B and C) hierarchical clustering and Pearson correlation distance/similarity approaches.
manufacturer's instructions. The array was scanned using a ChemiSmart 3000 image acquisition system (Vilber Lourmat). The stem cell signature was created by using Singular Value Decomposition (SVD) (Holter et al., 2000; Alter et al., 2000) , which reveals the relatedness of different biological samples. Graphical clustering of expression signatures indicates biological similarities.
The gene expression data were further analyzed using GeneSpring GC 11.0 software and DAVID Bioinformatics Resources 6.7 (http:// david.abcc.ncifcrf.gov) (Huang da et al., 2009 ). The overlapping of gene targets in different cells was acquired using VENNY software (http://bioinfogp.cnb.csic.es/tools/venny/index.html). Hierarchical clustering was carried out using GENE-E (version 3.0.228; Broad Institute, Cambridge, MA, USA).
Multilineage differentiation
Following serial passaging in the presence or absence of heparin, hMSCs were then induced for osteogenic, chondrogenic, or adipogenic differentiation and lineage commitment assessed by histochemical staining (Samsonraj et al., 2015; Helledie et al., 2012; Rider et al., 2008) . For clarity, heparin was not included in any of the induction media.
Osteogenic (Alizarin Red staining), adipogenic (Oil-Red-O staining) and chondrogenic (Alcian Blue) staining were performed as previously described (Samsonraj et al., 2015; Helledie et al., 2012) . Intensities of the colorimetric dyes were quantified from digitally scanned images using the "Unmix Colors" module in CellProfiler 2.1.1. Areas of interest were isolated by masking (for culture wells) or manual tracing (pellet sections). Total dye intensity was then integrated in the area of interest, and normalized to the area (for pellet sections of varying size).
Next generation RNA sequencing and bioinformatic analysis
Human MSCs were harvested with TRIzol® Reagent (Invitrogen) and RNA was isolated according the manufacturer's protocol. RNA sequencing and bioinformatics was performed as detailed previously (Dudakovic et al., 2014) . Briefly, oligo dT magnetic beads were used to select polyadenylated mRNAs for the TruSeq RNA method (Illumina). Samples were indexed using TruSeq Kits (12-Set A and 12-Set B) for multiplexing on the flow cells of an Illumina HiSeq 2000 sequencer. Library preparation and concentration was test for quality control using an Agilent Bioanalyzer DNA 1000 chip and Qubit fluorometer (Invitrogen) respectively. Sequencing data was processed using MAPRSeq (v.1.2.1), TopHat 2.0.6, HTSeq, and edgeR 2.6.2 work flows (Huang da et al., 2009; Robinson et al., 2010) . Gene expression values were normalized to 1 million reads and corrected for gene length (reads per kilobasepair per million mapped reads, RPKM). Functional gene annotation analysis and overlapping genes were performed as described above.
Statistical analysis
Experiments were performed with at least three biological replicates for every condition and the data expressed as mean ± S.D. unless stated otherwise. Differences among treatments were analyzed by a two-tailed unpaired t test. Significant differences were considered as those with a p value of b 0.05 (*).
Results

Heparin supplementation enhanced hMSC proliferation without affecting the expression of stem cell markers
Heparin binds and activates a large number of mitogenic factors and morphogens that mediate proliferation and lineage commitment of progenitor cells. We evaluated its mitogenic properties on hMSCs by monitoring cumulative cell growth. This was consistently enhanced when cells were serially passaged in the presence of 160 ng/ml heparin compared with the control (Fig. 1A) . Interestingly, at earlier passages (≤ passage 4) the proliferative effect of heparin was greatest after which a decline was observed (Fig. 1A, right panel) . Heparin has been previously reported to accelerate proliferation of genetically modified hMSCs (Mimura et al., 2011) , consistent with our observations at early passage.
Having established the effect of heparin on the culture-expansion of hMSCs, we next examined the stem cell quality after serially-passaging by assessing the expression of particular stem cell surface antigens. The expression of surface antigens CD49a, CD73 and CD105, standard markers for the identification of MSCs, did not change appreciably on serially-passaged cells in the presence of heparin (Fig. 1B) . These results suggest that routine expansion of hMSCs in the presence of heparin may not affect the selected cell surface antigens of a given donor.
High-dose heparin significantly inhibits hMSC growth
Having established that low-dose heparin (160 ng/ml) modestly increased hMSC proliferation, we next examined their response to a range of higher heparin concentrations. The results showed that growth of hMSCs were inhibited by heparin at 100-1000 μg/ml (Fig. 1C) . Cells treated with 500 μg/ml heparin for 3 days also exhibited an altered morphology; these cells were flatter and larger than control cells, which preserved their fibroblast-like spindle shape (Fig. 1D, left panel) . Quantification by image cytometry of the mean projected cell and nuclear areas confirmed that high-dose heparin treatment resulted in significantly larger cells and nuclei (Fig. 1D, right panel) , morphological features that are consistent with onset of a dormant (quiescent or senescent) cellular state. Also, hMSCs cultured with 500 μg/ml heparin for three passages have reduced level of lamin B1 (Fig. 1E) , a senescence marker reported previously (Dreesen et al., 2013) , whilst the levels of lamin A or C were not affected. Thus, although heparin has positive effects on proliferation at low-doses, it is a potent growth inhibitor and might cause premature cellular senescence at higher doses.
Heparin supplementation in culture supports expansion of hMSCs but may compromise cell fate decisions
Because chronic heparin treatment appears to influence the naïve undifferentiated state of hMSCs, we next examined molecular pathways involved in this response using cDNA arrays. RNA samples were isolated from control and heparin-treated hMSCs at passages (P4, 6 or 8) and mRNA levels were determined using a customized cDNA array that monitors expression of a large set of extracellular ligands (e.g., growth factors, cytokines), cell surface proteins (e.g., growth factor receptors, integrins), cytoplasmic proteins and nuclear transcription factors (Figs. 2 and 3) .
The expression profiles of hMSCs were analyzed and the resulting hMSC signatures were evaluated by Singular Value Decomposition (SVD) (Holter et al., 2000; Alter et al., 2000) (Fig. 2A) . These studies were modeled on similar approaches previously used to distinguish tumor subtypes (Bild et al., 2006; Pomeroy et al., 2002) . The microarray data compared the expression of 262 genes across 6 samples. Each expression value was log-transformed and centered across samples before application of Singular Value Decomposition analysis. Projection was onto the first 2 right singular vectors, which together capture about 70% of the variation in the original data. Thereafter, each sample was defined by its score -a linear combination of the gene expression values and the coefficients of the 2 singular vectors. Samples with similar phenotypes tend to cluster on a score plot. The analysis revealed that the temporal expression of genes in cells cultured under control conditions are different in short-term versus long-term culture ( Fig. 2A) . These differences indicate that heparin alters the molecular phenotype of hMSCs as a function of time in culture. Human MSCs at passage 4 (the lowest passage analyzed), appear to have a signature resembling that of naïve hMSCs. Parallel cultures of hMSCs exposed to heparin have their own unique signature when compared to control cells, which reflect stem cell-related alterations in their molecular characteristics phenotype. These observations were corroborated by hierearchical clustering (Fig. 2B) and Pearson correlation distance/ similarity analysis (Fig. 2C ) of representative genes that exhibit changes in gene expression (Fig. 3) . Taken together, culture expansion in the presence of heparin modifies the passage-related gene expression phenotype of hMSCs.
Heparin controls a broad set of genes involved in signal transduction in hMSCs
We analyzed changes in gene expression over passage (independent of the effect of heparin) or upon heparin treatment (independent of the effect of passaging) in hMSCs using arbitrary cut-offs (N1.4 fold or b 0.7 fold) to filter for biologically relevant changes (Fig. 3A) . In addition, we applied optional filters related to relative expression levels (signal N 1 or N0.1 arbitrary units) as indicated to focus on genes with prominent levels of expression. The arbitrary cut-offs for signal strength N 1 or 0.1 were selected to obtain a manageable number of genes that illustrate what genes are robustly expressed in the basal state in the absence of heparin (signal N1) and/or which set of genes shows biologically interesting changes in gene expression in response to heparin (signal N0.1 and fold change N1.4 or b0.7). Of the 262 genes analyzed, there are only 8 genes that are consistently expressed at high levels (signal N1) in hMSCs regardless of passage or heparin treatment in all six conditions. These genes are the glycosylated cell surface protein CD24, the intracellular proteinase inhibitor Cystatin-3 (CST3), the extracellular ligand Wnt8A, integrin α5 (ITGA5), three different transcription factors (SOX1, EGR2/Krox20 and POU5F1/Oct4) and the cell cycle inhibitor CDKN2D. The abundant expression of these genes is consistent with the multi-lineage potential of hMSCs. CD24, SOX1 and POU5F1/OCT4 are markers of progenitor cells (Qiu et al., 2011; Elkouris et al., 2011; Boyer et al., 2005) , while EGR2, Wnt8A and ITGA5 are linked to differentiation in distinct cell lineages (Lejard et al., 2011; Erter et al., 2001; Hamidouche et al., 2010) .
During successive passaging from P4 to P8, 70 genes are downregulated and 11 are up-regulated, reflecting modulations in proliferative potential and lineage phenotype (Fig. 3A, left pie chart) . Heparin treatment consistently up-regulates 59 genes and down-regulates 38 genes by at least 1.4 fold, regardless of the passage number (Fig. 3A , right pie chart). The vast majority of genes regulated by heparin (~90%) are different from those regulated as a consequence of passage. Only 1 of the 11 genes that were up-regulated and only 8 of the 70 genes that were down-regulated (~10%) during passage were also modulated by heparin (Fig. 3B, left panel) . Taken together, these findings indicate that heparin selectively alters expression of genes that are distinct from those related to continuous culture of hMSCs.
Of the 97 (i.e., 38 plus 59) genes that are up-or down-regulated by heparin, at least 20 genes had robust basal expression (signal N 0.1) (Fig. 3B, right panel) . Three of these have known roles in cell cycle control. The cell cycle regulators CDKN1B (p27) and CCNG2 (cyclin G2), both associated with cell growth inhibition, are each up-regulated, while the tumor suppressor protein RBL2 (p130) was down-regulated (Fig. 3C ). In addition, heparin significantly increases expression of a series of growth factors, including FGF14, FGF20, BDNF, IL6 and VEGF, but not FGF2 (Fig. 3C and data not shown) as well as the expression of a number of cell surface proteins, including ITGA6 (integrin α6) and NGFR, but not ITGA5 or ITGB3 (Fig. 3C and data not shown) . In addition, heparin increases the mRNA levels of a series of transcription factors, including FOXG1A, FOXH1, PAX6 and SOX13, but not GATA4 (Fig. 3C and  data not shown) . Thus, heparin selectively stimulates expression of a number of different cell surface proteins and nuclear effectors; such pleiotropic effects are expected based on its biochemical activity as a multivalent co-ligand.
Heparin's most striking gene expression effect is the major induction of multiple members of the TGFβ/BMP/GDF superfamily including BMP3, BMP4, GDF3, GDF5 and GDF11 (Fig. 3D) . In addition, heparin suppresses the corresponding inhibitors NOG (noggin) and INHB1A (inhibin 1A) (Fig. 3D) . These changes are consistent with auto-or paracrine enhancement of TGFβ/BMP/GDF signaling. Heparin also increases the expression of selected Wnt and FGF members ( Fig. 3C and data not shown), as well as modulates (up or down) cell surface markers including FZD4, NGFR, PDGFRA and PTPRC (Fig. 3D) . We conclude that heparin compromises expression of mRNA transcripts encoding proteins known to play a role in cell fate decisions.
Heparin exhibits variable effects on the proliferation of hMSCs from different donors
Having established that heparin at 160 ng/ml increased the number of hMSCs in culture and negatively affects their molecular signature, we next sought to determine whether this finding was similar for hMSCs freshly isolated from human bone marrow mononuclear cells. Human MSCs from different donors responded variably to long-term heparin treatment, as their growth was either slightly increased at late passages (≥P5), not affected, or significantly inhibited (Fig. 4A) .
Similar to the data in Fig. 1B , the effect of long-term passaging with heparin on the expression of CD49a, CD73 and CD105 in hMSCs from different donors was also minimal (Fig. 4B) . Expression of three additional stem cell markers STRO-1, CD146 and SSEA4 (Sacchetti et al., 2007; Gang et al., 2007; Simmons and Torok-Storb, 1991) was similar, except that heparin slightly increased SSEA4 expression in hMSCs from donor 2 (Fig. 4B) . Multilineage staining for hMSCs from these three donors showed that long-term culturing with heparin supplementation also had little effect on the multipotency of hMSCs (Fig. 4C). 3.6. RNA-seq analysis reveals genome-wide differences that modify cell growth characteristics of MSCs upon chronic heparin treatment Because hMSCs from three different donors exhibit different cell growth responses to heparin treatment, we investigated how heparin affects the molecular properties of hMSCs using transcriptomic analysis. We focused our RNA-seq analysis on Donor 3 in which heparin exhibits a clear negative effect on cell proliferation, and compared our dataset with expression results obtained for Donor 2 which is refractory to the growth modulatory effects of heparin (see Fig. 4A ). As such, Donor 2 represents a negative control that permits elimination of gene expression effects of heparin independent of biological effects on cell proliferation. We compared gene expression patterns of late cultured cells in the presence or absence of heparin (Fig. 5) . We filtered the dataset for genes with reads per kilobasepair per million mapped reads (RPKMs) greater than 0.3, which reduces false discovery of mRNA detection, as well as for fold-changes in expression values greater than 2-fold (up Fig. 4 . The long-term effect of heparin on hMSCs from multiple donors. (A) Human MSCs serially passaged in the presence or absence of 160 ng/ml heparin. Cumulative cell numbers were calculated. Significance is reported (*p b 0.05) when all 6 passages showed a difference. (B and C) Human MSCs were serially passaged in the presence or absence of 160 ng/ml heparin and assessed at late passage for the expression of cell surface antigens by flow cytometry, or their ability to differentiate into the osteogenic, adipogenic and chondrogenic lineages as assessed by histochemical staining for Alizarin Red, Oil-Red-O or Alcian Blue and the intensity of stain quantified by densitometry. or down) upon heparin treatment for each donor. Strikingly, we observed very limited overlaps in the groups of genes that are heparin responsive between the two donors (Fig. 5A) , consistent with the observation that heparin has donor-dependent pleiotropic effects on cell growth (see Fig. 4A ).
We observed that there are 45 genes that are uniquely upregulated by heparin in Donor 3 only, while 48 genes are differentially downregulated by heparin compared to Donor 2 (Fig. 5A) . To identify the most prominently regulated genes within these groups, we sorted genes for highest expression values (in RPKM) yielding a set of 15 heparin-responsive up-or down-regulated genes with most robust expression (Fig. 5B) . None of this diverse set of genes appear to have obvious functions that can directly account for the cell growth perturbations that are evident in biological assays (see Fig. 4) . Hence, unique cell proliferative effects of heparin on donor 3 may affect primarily translational or post-translational mechanisms that do not perturb gene expression at the mRNA level (e.g., miRNAs, protein stability, protein phosphorylation).
To understand the biological activities of the entire set of genes both up-and down-regulated by heparin, we performed gene ontology analysis (Fig. 5C ). The two most enriched categories are genes involved in signaling and extracellular region (enrichment scores of~5 and~3, respectively). Interestingly, these two categories are directly related to the main activities of heparin that control the interaction of signaling ligands with extracellular proteoglycans to modulate intracellular kinase pathways. Among the category signaling, heparin modulates the expression of at least two receptors (i.e., ACVR1C and LGR5), a ligand (Wnt2B) and three skeletal ECM proteins (i.e., BGLAP, ISBP and COL2A1). Compared to our earlier qPCR profiling studies with one original donor (Figs. 1 to 3 ) that prompted later studies with three additional donors (Figs. 4 and 5) , we observed that different sets of genes are modulated. This result is expected from the observation that different donors respond both biologically (Figs. 1A and 4A) and molecularly (Figs. 2, 3 and 5A) to heparin. Taken together, the RNA-seq results suggests that heparin may affect cell growth at least in part by altering mRNA levels of distinct sets of cell growth-related receptor signaling pathways in a donor dependent manner.
Discussion
Although widely used as an anti-clotting agent for patients at risk of thrombosis or embolism, heparin's broad ability to bind and potentiate the activity of a plethora of factors unrelated to blood coagulation has rendered it a versatile agent that is widely used as a culture supplement for many mammalian cell types, including hMSCs and hESCs. For example, heparin has been used as an additive for stem cell expansion and hydrogel formulation to promote stem cell pluripotency (Furue et al., 2008) .
Notwithstanding its widespread use as a stem cell culture additive, the results here show that heparin supplementation invites potential risk to ex vivo cultured stem cells from the bone marrow compartment. The adverse effect of long-term heparin therapy as an anti-coagulant on skeletal tissues is widely recognized, adding further caution to its use as a culture reagent. Heparin reduces bone density either through increasing bone resorption or decreasing bone formation (Rajgopal et al., 2008) . The high affinity of heparin for BMPs can dysregulate the activity of those osteogenic growth factors, and thus osteoblast-induced bone formation. A number of studies have demonstrated that heparin restricts the signaling and inhibits the activity of BMPs 2, 4, 6 and 7 (Irie et al., 2003; Brkljacic et al., 2013; Ohkawara et al., 2002; Fisher et al., 2006) .
Our data suggests that heparin supplementation might modestly increase hMSC proliferation at low doses, but strongly suppresses growth at high doses. High dose heparin also significantly altered cell morphology, including cell and nuclear area and transformed the hMSCs to a more senescent phenotype. During osteogenic differentiation, MSCs gradually lose their original morphology, by flattening and spreading (Matsuoka et al., 2013) , which correlates with loss of proliferative ability (Banfi et al., 2000) , findings supported by our current study. Notably, heparin at high dose was reported to be deleterious to hESCs (Furue et al., 2008) .
Continuous supplementation of hMSCs with a growth-permissive dose of heparin (as seen in Fig. 1 ), resulted in changes in mRNA expression of multiple lineage-specific markers. These effects collectively represents a major drawback for the exploitation of hyper-sulfated heparin as a stem cell culture additive. Moreover, cultures supplemented with heparin show an altered molecular signature. Ultimately, hMSCs seriallypassaged in heparin must be tested for their in vivo efficacy in wellaccepted animal models. For example, rodent models of bone fracture repair have been used to assess hMSC quality (Samsonraj et al., 2015; Helledie et al., 2012; Rai et al., 2010) and provide a robust assessment of the effect of ex vivo expansion strategies on their therapeutic utility.
The analysis here demonstrates that heparin exerts long-term effects on cells that are reflected by changes in gene expression. Global mRNA expression profiles of control versus heparin-expanded cells as measured by cDNA arrays or RNA-seq are distinct in several donors at representative passages. Importantly, heparin alters the gene expression profiles of multiple ligands, receptors and downstream transcription factors in a donor-dependent manner. For example, heparin increases expression of several FGFs and lineage commitment-related factors such as BMP4, VEGF, GDF5 and Wnt2B, depending on the donor and/or method of analysis (i.e., cDNA array versus RNA-seq). Because FGF, BMP and Wnt signaling are central to the proliferation and differentiation capacities of hMSCs, the observed modulation of these transcripts by heparin during long-term culture may account for at least some of the changes in cell proliferation and ability to control cell fate decisions.
Another prominent finding of the gene expression profiling in response to heparin is the donor-dependent coordinate up-regulation of multiple members of the TGFβ/BMP/GDF superfamily and concomitant down-regulation of pathway inhibitors (i.e., noggin and inhibin 1A). TGFβ signaling inhibits osteogenic differentiation and promotes senescence (Furue et al., 2008; Samsonraj et al., 2013; Galindo et al., 2005) . In contrast, BMPs stimulate stem cell differentiation (Xu et al., 2005) . Therefore, changes in the auto-or paracrine production of TGFβ/BMP family members may directly contribute to loss of multipotentiality and 'stemness'.
We note that donor-to-donor variability contributes significantly towards the observed effects of heparin at both biological and molecular levels. Heparin treatment of hMSCs from four different donors revealed either growth enhancement, inhibition or no difference. The pleiotropic effects of heparin may biologically amplify the inherent donor-to-donor variability of hMSCs. Indeed, analyses by cDNA arrays or high resolution RNA-seq revealed donor-dependent differences in gene expression in hMSCs from different donors following long term culture in heparin.
Although our study indicates that heparin may not be suitable as an additive for long-term proliferative expansion of naïve multipotent hMSCs, there are HS variants that may be more suitable for routine culturing of hMSCs. Both heparin and HS consist of a repeating disaccharide unit with highly variable sulfation patterns. Sulfation most often occurs on N-, 2-O-, and 6-O-groups and these sulfated groups are responsible for the interaction with growth factors or adhesion proteins. Though heparin is closely related to HS, it is primarily distinguished from HS by its higher sulfation, lack of domain structure, higher frequency of N-sulfation, presence of 3-O-sulfation, and more O-sulfation than N-sulfation (Gallagher and Walker, 1985) . Differences in the temporal expression of HS variants as tissues grow and mature may permit selective binding and co-activation of distinct growth factor-dependent signaling pathways that regulate cell growth and differentiation (Nurcombe et al., 2007) .
Indeed, leveraging this biochemical diversity, we have isolated HS variants that possess unique domains structures that target protein ligands controlling the phenotypic properties of hMSCs (e.g., FGF2, BMP2, VEGF 165 ) (Wang et al., 2014; Murali et al., 2013; Helledie et al., 2012; Nurcombe et al., 2000; Murali et al., 2011; Bramono et al., 2011) . We anticipate that better preparations of HS, rather than heparin, may be useful for routine culture of hMSCs without adversely affecting the biological properties of the cells.
Conclusions
This study assessed the effects of low-dose heparin on hMSCs in vitro, and highlights the potential risk to patients undergoing chronic heparin therapy -the possible impairment of naïve stem cell replenishment and subsequent maintenance of tissue homeostasis from the bone marrow. Our work demonstrates the hazard of using heparin and suggests caution in its use as an adjuvant during stem cell bioprocessing.
